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In order to provide systems engineers with observations and analysis of the
amplitude-fading of radio waves traversing the high latitude ionospbere, several
different studies were performed. The concept was to deve'-op descriptive and
statistical mjcdels for the pattern of occurrence and amplitude of scintillations at
high latitudes. Then, long term observations from 2 Rzd~ted numbter of sites couild
be lilakci to allow an tssessment of the scintillation problem f-s communicaelon
navqgstiias, arA detection sy~tems in the VHF and UHF bands. This report dis-
cusses these studies in three chapters. In Chapter 1, general patterns of scintil-
latim occurrence and inteasity are presented in the descriptive model of the
F-layer irregularities at Vtgh latitudes. This is followed in Chapter 2 by a graph-
ical presentation of the data; that is. observations of the 136 MHz beacon of
ATS-3. Chapter 3 organizes tbE observations into a useWu format-the cumulative

* amplitude probability distribution function-for the engineer. 'k means of adjubting
the observations for freqtmrscy dependence is proviA-ed.- Cumulative amplitude
probabilities are liste'd for Sagamicre Hill. Massachusetts and Nars-'arssuaq.
Greenland as a funt lion of season, time and K index. For Thule. Greenland
cumulative amplitude probability distributions are listed for ATS-3 at 136 MABz.
With this data and with the descriptive modiel, it is proposed that the engineer
can evaluate the effect of scintillations on systems operating in auroral and
polar regions.
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Abstract

In order to provide systems engineers with observationR and analysis of the

anplitude-fading of radio waves traversing the high 'i'ttude ionosphere, several

different studies were performed. The concept uw .. -'ý descriptive and

statistical models for the pattern of occurrence an( amplitude of zcintiUations at

high latitudes. Then, long term observations from a limited number of sites could

be linked to allow an assessment of the scintillation problem to communication.

navigation, and detection systems in the VHF and UHF bands. This report dis-

cusses these studies in three chapters. In Chapter 1, general patterns of scintil-

lation occurrence and intensity are presented in the descriptive model of the

F-layer irregularities at high latitudes. This is followed in Chapter 2 by a graphical

?resentation of the data; that is, observations of the 136 MHz beacon of ATS-3.

Chapter 3 organizes the observations into a useful format-the cumulative ampli-

tude probability distribution function-for the engineer. A means of adjusting

te observations for frequency dependence is provided. Cumulative amplitude

probabilities are listed for Sagamore Hill, Massachusetts and Narssarssuaq,

Greenland as a function of season, time and K index. For Thule, Greenland

cumulative amplitude probability distributions are listed for ATS-3 at 136 MHz.

13ith this data and with the descriptive model, it is pr 4posed that the engineer can

evaluate the effect of scintillations on systems operating in auroral and polar

regions.
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HIGH LATITUDE MODELS, OBSERVA4TIONS, AND
ANALYSIS OF IONOSPHERIC SCINTILLATIONS

1. A Descriptive Model of F-Layer
High Latitude Irregularities

JMasi Asmse
Radio Astrosemy Branch

Ionspherihc Physics Ldisstory
Air Force Canbddg. Resoemh Lahoroofies

9"dbrd, Mossachosotts

Abstract

Using observations of the amplitude fluctuations ,Nf radio signals from satellites
and radio stars; as a data base, a model is sketched of Uxz high latitude F-layer
irregularity region. The irregularities of concern are field aligned and small scale
0I to 10 kcm). On the nightslde. irregularity intensity incr'eaiaes from a low level-
at its equatorward boundary position of -570 at 2200 locals tzrým--tr% a higher level
within the auroral oval. A high level of irregularity intensity em -I over the cor-
rected geomnagnetic pole. Ile data base for quantitative -neasiL -tments at latitudes
poleward of the auroral oval, however, is sm~all. On ih( Lyslde, the scintillation
boundary is in the region of 700 for quiet to moderate mŽ.gnetic conditions.

During all hours an Increase -it. magnetic activity brings on de~eper fading across
the entire high latitude region, from the equatorward scintillation boundary to the
geomagnetic p~ e.

Precipitation of electrons.s with energies of the order of a few hundred eV. is
not thought to be the mechanism for the production of small scale irregularities.
In this energy range, electron precipitation shows a low o,!currence in the polar
cavity while scintillations remain high in this region.

Measurements of suprathermal electrons show polar patterns closer to the
scintillation observatloas than measurements of high eniergy electrons. Irregular-
ities observed in *iiermal-electron satellite observaf'...ns (R. Sagalyn. private

(Rteceived for publication 10 January 1971)
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communication, 1973) at high latitudes--including polar areas-show geomagnetic
occurrenc~e patterns--together with those in polar areas-similar to the ones shown
in this paper. In their meAsurements of turbulent isotropic electric fields at
400 kmn, Kelley and Mozer (1972) have found variations with latitude in the boundary
rcgion, the a'.-oral oval and over the pole which resemble those postulated in this
model.

i.1 IFThOIDICTION

At high latitudes. small scale (1 to 10 kin) field-aligned irregularities in the

F layer have been detected by many techniques. These include bottom and topside

sounders, scintillation recordings of radio stars and satellite beacons, and in stu

Langmuir probes and vector electric field detectors.

The model of high-latitude irregularity morphology tc be presented stems

from a critical evaluation of published and new material on scintillations. The

sketch of the model takes its form from the detection technique employed. In this

case, the perspective is dictated by data available from diffraction observations of

radio signals as they traverse the ionospheric holes or enhancements.

Other views of the irregularity szene have emerged using different perspectives.

Spread F meaburements, made by ground ionosounders, are severely limited at

high latitudes by strong absorption during proton events and during periods of

auroral absorption. In addition, spread F returns are screened by E-layer !A.Arural

reflections and by sporadic E. Topside soundings display only those F-layer ir-

re-gularitiev above the peak of the F layer. In commonly available observations of

both topside and bottomside soundings, only occurrence or non-occurrence of

spread F is available; quantitative values are not given.

Scintillation data in quantitative in its scaling. Few analyses (Whitney et al.

1972) have allowed frequency dependence scaling! to be performed. The combina-

tion of radio star observations, low-altit'de (1000 kin) satellite transmissions, and

synchronous satellite ibservations had produced a mix of elevation angles, snap-

shots of the irregularity stracture, and long-term synoptic measurements which

can be assembled into a m,4del.

In addition to irregulLrities produced at high latitudes by processes related

to magnetospheric causation, other typaw of irregularities at both E and F layers

produce scintillations. These include isolated F-layer patches CSlack, 1972) and

sporadic E of the spread type (Anastaasiadis et al, 1970 and Chen et al, X972).

These can be of importance at latitudes in the region of 550 or lower, but their

occurrence pattern and the magnitude of their 'fect on signals in the 100 MHz

range and higher is less than the effect of magnetospherically-associated. high-

latitude irregularities in the auroral and polar cap regions.
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In this paper, on- will notice that a large percentage of the observations being
used consists of data from the observatories associated with the author. The

rationale is that the data have been analyzed in consistent quantitative terms, are

available for £ Atistlcal manipulation, and fall along a relati-.rely narrow longitudinal
swath (510 to 710 West, except for a ornall, amount of data from Alaska).

The records were reduced by the method given by Whitney et al (1969) into

15-min scintillation indices. In this system, a scintil~la ion index of 40 represents
a +1. 5 dB to -2. 2 dB excursion from mean quiet level; an index rof 60 represents
+2 dB to -4 dB.

Figure 1.!1 is an outline of the general form of the irregularity region during

periods o; very quiet magnetic activity, Kp =0, 1, and for one disturbed magnetic

12 CORRECTED GEOMAGNETIC
~ LOCAL TIME

10

20

00
1IRREGUJLARITY REGICN PaR
0 Nrj5 AND:-Ot

F'jure 1. 1. Diurnal Pattern of the Extent of the F-Layer
Irregularity Region During Quiet M~agnetic Conditions (Kp -0. 1)
anJ for Kp :k
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index, (Kp = 5) (in the text that follows, index K only is used). This paper will

describe the variations of the boundary oi the irregularity region, the change of in-

tensity -f the irregularities within the region, and the occurrence of irregularities

within ine polar cap. We have assumed that the irregularities are at F-iayer heights;

wie vork of Lizka (1964) and Frihagen (1969), as well as others, has established the

region between 250 and 500 km as the predominant height range for the irregularities

that produce scintillations.

1.2 THE LOER BOUNDARY

1.2.1 Night Observations

1.2. 1.1 MAGNETICALLY QUIET CONDITIONS

By statistically analyzing otservations of Transit 4A scintillations at 54 MHz,

it was determined (Aarons et al, 1969) that the scintillation boundary had an oval

form, differing substantially in both latitudinal peregrinations and precise positions

from the optically derived E-layer auroral oval. The boundary falls to 570 in-

variant latitude at 2200 local time for K z 0, 1; the auror-al oval has a lower

boundary of 600 for the same magnetic conditions (Feldstein and Starkov, 1967).

The definition of the lower latitude of the irregularity region, termed the scintilla-

tion boundary, was arbitrary in one sense; that is, it was chosen as the latitude at

which the mean scintillation index at 40 MHz reached or exceeded 50 percent. It cor-

responded, however, to the latitude where the sudden onset of irregularitiee was

ooserved. In that sense, it is the boundary between the ordered F layer and the

irregularit) region.

Recent papers have b-os Ay verified the midnight boundary position. Oksman

and Tauriainen_(1971) found a boundary latitude of 590 for K < 3 shortly after mid-

night. Kersley et al (private communication, 1971) found a scintillation boundary

of 540 shortly before midnight for K = 0. 1. Kaiser and Preddey (1968) found some-

what lcwer transition latitudes around midnight in the southern hemisphere.

It should be stressed that the irregularity region's equatorward boundary is

statistical. It may move to latitudes higher than those shown in Figure 1. 1 for
K = 0, 1. When thb! K index remains consistently low over a period of days.

Aarons et al (1972) have shown that the midnight boundary may retreat to latitudes

higher than 640.

In Figure 1. 2. the mean acintillation index at 136 MHz is plotted as a function

of invartant latitude for the broad local time period 2200-0200, and for quiet (0, 1).
moderate V2, 3), and disturbed (4-9) conditions. The genesis or this diagram will

be outlined ts individual time periods and magnetic conditions are examined.
For K = 0, 1 the irregularity region starts abruptly at eo with an index of -8 per-

cent (which corresponds to an index of 50 at 40 MHz). The intensity oi the irregularities
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V,0 0 r F Kp.0.,
2 -- Xp • Z.3

*'" 10 .. . p a> 4 ......... *
so- 2200- 0200 ."" .... ."-.,_x LOCAL TIME / - ".. .
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INVARIANT LATITUDE (350 KM)

Figure 1.2. Idealized Curves of the Variations With Latitude of
Mean Scintillation Irdex at 136 MH: as a Function of Kp. The values
are given for the local time period of 2200-0200

increases with latitude up to 660, remaining constant until 730, decreasing slightly

in a trough region but increasing over the pow. to a value slightly below its auroral

oval level. We have used broad dashes above 800 to indicate theuncertainty in

values due to the sparcity of data for this region.

A great deal ot data is available for the latituriinal region 50° to 640, somewhat

less for the region 54° to 820, and very little for the region 820 to the pole. Night

measurements in the lower portion of the irregulqrity region are plentiful. due to

the high occurrence of observatories at middle and auroral latitudes.

1.2.1.2 MAGNETICALLY DISTURBED CONDITIONS

When magnetic conditions become disturbed, two effects can be noted (see

Figure 1. 2):

(1) Boundary Motion: During periods of magnetic disturbance, the boundary of

:he irregularity region drops to lower latitudes. Aarons and Allen (1971) have

shown that the maximum change-2 to 2.5 0 /K-in the nighttime equatorward bound-

ary, as a function of K index, took place between 0200 and 0600 local time. The

nightly mean was a t 6 /K lowering of the boundary latitude.

(2) Increase in Index: Mean scintillation index increases throughout the entire

auroral and polar region during periods of magnetic disturbance, although the per-

centage of increase may vary as a function of latituoe. From the evidence of scintil-

lation measurements, there is no indication of a polar cavity in the occurrence of

deep scintillation at any time.

S
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In the region between the boundary and below the quiet auroral oval, the depth

of scintillation was detei mined by comparisons of many measurements; these in-

cluded zenithal observations of Cassiopeia at 113 MHz (Aarons and Allen. 1966).

and a comparison study of satellite beacon and radio star measurements (Basu et al.

1964,.

1.2.2 Day Obheatims

Through a recent analysis of observations of the 40 MHz transmissions of

BE-B taken at Narssarssuaq, Greenland in collaboration with the Danish Metef.rol-

ogical Institute, we have been able to revise the daytime boundary; the revision is

incorporated ii Figure 1. 1. Narssarssuaq, at an invariant latitude of 690 (at

350 kmI allowed the daytime boundary to be defined for K - 0, 1 and K = 2. 3. The

boundary and polar indices at 40 MHz are shown in Figure 1. 3 for the noon vector.

For this time period, the boundary was between 71o and 76' for K = 0. 1 anJ

680 to 690 for K = 2, 3. It was difficult to determine the precise latitude for the

lower K indices since the mean SI showed a plateau for the 710 to 760 rangfe.

At K = 2. 3 the iuuiceb rose decisively with latitude and a boundary can be given.

From Figure 1. 1, Ut can be seen that the highest equatorward latitude of tha ir-

regularity region occurs before noon; there is a distinct assymetry around noon.

In the local time period, M600-1800. there is a motion of the boundary of

appruxirrately 0. ZE°/K. The method of analysis for this data was L.anilar to that

used in Aar ns and Allen (1971). In the noon sector, the auroral oval's equatorward

o L 
*

so 1I000-1400
l Te rLOCAL TIME

20

0 J

s 70so 90
INVARIANT I.ATITUDE

Figure 1. 3. Idealized Curves of the Variations With latituae of Mean
Sclntillatlmn Index at 40 MHz as a Function of Kp for the 1000-1400
Local Time Period
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boundary is 7W° at Q (polar range index) = 0 and 690 for Q 2; this is a elose

app'oximation to scintillation observations.

1.3 THE AVRORAL OAL %NO filE POLAR CAP

1.3.1 Nigfti Obsenalstes

In the midniight sector for Q = 0. the oval extends from 700 to 720 (Feldstein

and Starkov. 1967); for Q -- 2, the oval extends from 670 to 709. Scintillation

indices appear to maximize broadly in these regions during periods of magnetic

quiet.

-Much of the data used to construct the curves in Figure 1.2 comes from

ground measurements of the scintillations of various syrWchronous satellite trans-

missions at 136 MHz. A schematic drawing of the ground station angles of eleva-

tion and intersection latitudes is shown in Figure 1.4. Subionospheric latitudes

of 540, 580. 600. and 640 were probed and their data used in this paper. Thule

observations ata very low angle of elevation (4°) coald not be used quantitatively,

Figure 1. 5 compares mean scintillation indices for Sagamore Hill and

Narssarssuaq for the rlime days for K r 2. 3, 137 to 223 points for each hour

were used.

Another series of data was available for comparison, but only for the period

November 1971 to March 1972 (inclusive). This series for Gocse Bay. Canada.

College, Alaska, and Narssarssuaq. Greenland showed that from 580 to 630, the

change in mean scintillation index-during periods of magnetic quiet-was

approximately a factor of 2 for a 2. 5o interval The data for the three stations
is shown in Figure 1.6(a) for K = 2,3 and Figure 1.6(b) for K = 0. 1.

At 66°0 a comparison between quiet and moderately disturbed conaitions %as
made using lower transit measurements of the scintillations of Cassiopeia A

made at Sagamore Hill with a 150' parabola. The geometry of these measure-

merit;, as well as the geometry of upper transit mneasurements, is shown in

Figu.e 1.7. For one year, June 1963 to June 1964, observations of scintil~tions

of Cassiopeia A were made at 113 MHz and 228 MHz. This data allowed us to

compire two seta of magnetic indices for one intersection latitude, 660. The

113 ?tlHz data are shown in Figure 1.8. Clearly, at 660 there is an increase In

scintillation index when magnetic index increases. Upper transit data taken at
Sagamore Hill and reported in Aarons and Alien (1966) were also used in the

construction of Figure 1. 2. In both ubes of radio star data, the ratios of scintil-

lation indices were used rather than absolute values.

An extensive series of measurements is available at 64° from Nrassarssuaq.

This data divided into magnetic index sets of K = 0. 1, K = 2.3, and K 4-9

m aim --- •~~~~~~< v± n m mmme mmm m mm m i i a mlmm i i i nFn mimm ~ mimmM
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Figure 1. 4. Positions of Sites. Intersection Latitudes and Angles
of Elevation (for invariant Latitudes Taken Wt 350 kin) for Obser-vatories Suppl~'ing Synchronous Satellite Data Usaed in This Paper

ioc0 -

MEW STIM

I-o-

I . - p p*

000 040 600 120 100 00 .I0



9

Kpw 243
Got-, -GOOSE SAY]

-. NARSSARSSUAO

40 -- ALASKA

01 ~ ... %

00 06 12 UT to 24

Figure 1. 6a. K Indices of 2.3 Yield Higher Values of Scintilla-
tion Indices for 0ioth. Alaza and Na,-ssarssuaq but Little Change
for Goose Bay Observations

40- K-. , %I

20 -

.-.J.-L.".LJ i ' t i 4 i i 6 A44 I
00 06 I2 UT 10 24

Figure 1. 6b. Mean Scintillation Indices for the Same Time
Period (November 1971 AD March 19172) for Three Stations
Situated at High Latitudes. 4tbservatiomi at low K indices (0. 1)
are given in this figure

$ ,ir

"WSVARIMT LATUDE

Figure 1. 7. The Geometry of Radio Star Scintillation Measure-
ments From Sagamore Hill is Shown. Ihia frm bo hl an 84 ft
antenm and a 150 ft antes= were used In this paper
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Figr .8 Scintillation L-,dsceo for 113 MIt
Ra ioeEmission From Casstopeia A. A 150 ft

antenna at Sap~more HMl was used to make obser-
vations ner Umer transit (- 130 of elevation) on a
path intersecting the invariant latitude of 66P
Gat 350 kmn)

1000 260 0 300 O

IMAMMTree

Fqr• 1.F9. ure 1.8 Sci• inioo aIondices eg orde 1a 3 Mliima. ~e

w•.thincr asnge K at Saporel u 11 wasf use t/eo• makemu obser- s

pae oeltme)wth interseting the indaentlttueof6x
40 350

toc

OOO. IZO lo am 1 .. I- .

Fig#Are 1. 9. Mean Scintillation Indices Recorded at Narssaressaq. Gfreen-
land9 as a Funiction of Local Time and K index. Note both increasing index
with increasing K Index as well as a AMif in time of maximum (twards
later local times) with increasing K~ index
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(Nee Figure 1. 9). The difference between the mean values of radio star a Ad satel-

lite indices is believed to be due to the fact that the radio star data was taken near

the minimum in the sunspot cycle, where the satellite data are near maxi mum.

Figure 1. 2. therefore, represents sunspot maximum variations with lati' ude.

1.3.2. i AIAGNETICALLY QUIET CONDITIONS (K = 0, 1; K ý 2. 3)

To constru-I Figure 1.3, we freely transferred scintillation indices of various

types from three sets of high latitude observations. Since the noon boundary

begins near 700, only sites somewhat below this latitude and inside the day portion

of the oval and polar cap were useful. Data from the three sites were co.mbined.

The sites were Nars-arssuaq at 69', Spitzbergen at 76o, -.ad Thule at 860. The

satellite signal for the three observational sets was the BE-B transmitting at

40 M!z. The scale, therefore, for Figure 1.3 is mean SI at 40 MHz. Since

simultaneous high laitude measurements at 40 MHz and 136 MHz signals are

a,-ailable. it is difficult to develonr a correction factor.

Equatorward slopes of the curves in Figure 1. 3 were obtained from an analysis

of the Narssarssmaq data as well as those published by Frihagen (19711, with the

latter being taken at Spitzbergen.

At Narssa-ssuaq, a limited series of measurements of the 136 MUz beacon

of the ITOS saitellite (orbiting at - 1000 km altitude), were reduced. A steep rise

was noted during the noon hours at sublonospheric paths north of Narsaarssuaq

(710 to 720), corroborating qualitatively the more extensive BE-B measurements.

in a series of measurements at 40 MHz from the polar station, Thule, Nielsen

and Aarons (unpublished data, 1973) show a rise at all ties of the occurrence of

deep fading as the Corrected Geomagnetic Pole is approached.

1.3.2. ? WMAGNETDCALLY DISTURBED CONDITIONS

During the magretie storms, both FrIhagen (1971) and Nielsen and Aarons

(1973) found increased scintillation indices. In the noon sector for K 2: 3.

Frihagen characterized the scintilatlons with an index of 4, his highest contour

for the latitudinal range 680 to 820. At noon. comparing disturbed (K = 4-9) and

quiet conditions, Nielsen and Aarons found an increase in occurrence of deep fading

by a factor greater than 2 from 620 to 83. but a smaller increase from 886 to 90P.

1.4 *.CT W*11f1%•T"

Two of the principal factors affecting the scintillation index for a particular

observatory are aspect sensitivity and angle of elevation? The maximum effect of



12

a field-aligned irregularity takes place when the line of sight to the radio source

and the alignment of the irregularity in the earth's magnetic field are the same
(Singleton, 1 )70,. The effect of aspect sensitivity is a function of the propagation
ingle and th. irregularity characteristics (height, dimensions). Angle of elevation

corrections are outlined by Briggs and Parkin (1963); a correction for angle of

elevation for large arimuth angles has been inserted for satellites )rbiting at low
altitudes (1000 kim). No correction, however, was introduced for aspect sensitivity
in any of the synchronous satellite data or low-altitude satellite data. Many of the

observatior.s of the synchronoi s satellites were compared for magneti- index 3ets
at one site; the aspect angle dLd not change. In other cases (Narssarssuaq obser-
vations, for example), the ar.gle was large (1240) (at 1800 the ray path and the
irregularity are in line] and, therefore, the amplit,-le is relatively unaffec t ed.

In the case of a site such Ps Sagamore HUI and observations of either BE-B
or Transit 4A. the man.er of lumping data along a line of constant latitude (at
various anpect angles) has minimized the effect; the dominant term is a latitudinal

vuriation.
In the case of observations of BE-B from Narssarssuaq and at all times from

Thule, aspect sensitivity conld be an important factor. Since the minitrium
propagation angle occurs when the line of sight to the saiellite is along tht lines of
force of the earth's field, in the case of NarssarEsuaq and Thule data it iz to be
expected that minimum Index would occur aloug the m.agnetic meridian and to the
south of the station. At noon from Varssarssuaq (Nielsen and Aarons, 1973),
maximum index occurred to the north of the observatory. At all times at Thule,
scintillation Index occurrence was maximum to the noetb of Thule in thL direction
of the corrected geomagnetic pole. A correction, however, should be taade to
absolute values but the indices given in this paper ir the polar cap region are

hardly in that category.
It might be noted that in an analysis of 4r MHz data from BE-B taken in

so-ther.. polar regions, Tiftheridge and Stu. , :'n68) found a high level of activity
over a egion betweet, the southern geogr.,iIe vie and tLe geomagnel ic pole.
From - position almost equidistant from the geographic, they observed the geo-

magn tic and the dip poles. A similar lumpine together of the data s-ipplied by
Mullen and Buerkle (private communication. 1971) of the sciatillations of the
150 M69z transmissions from the Transit satellite is shown in Figure 1.10.
K indices were limited to 0-2. Maximum scintillation occurrence is Pear the
vicinity of the corrected geomagnetic pole; this is considerably higher than the
Foxe Basin maximum found by Penadorf (1962) in his oottoroside-spread F

analysis. Thus it can be seen that apect sensitivity cannot account for the polar
maximunt near the geomagnetic pole.
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THULE.

S• Scintillations (Arbitran° o-off
Determination) at 150 '.lliz From

CGP 4-the Transit Satellite Observed at
\Kp0R/ / Thule for Kp = 0-2. All times of

; \ kUL EW'DiAN day are included in this series of
observations during the summeroi 1968. Data from cMullen and
Buerkle (private communication)

The morphology and latitudinal variations of F-layer irregularities-eas

sho'%t-n by scintillation observations--set limitations to proposed mechanisms for
the origin of the Irregularities.

Lov/ energy electrons, from d to 1000 e%, precipitating into the ionosphere

will produce ionization at F-layer heights (Frihagens 1d969) The polar boundary

o~serve-5 for precipitation of electrons of a few hundred electron volts negates

the concep that these electrons are sources for production of irreggularities.

hn reviey ng high latitude observations of loui-energy particle precipitation,

OIB -ten (1970) found that fluxes in the polar cap (defined for his ý tudy as
71 ( to 34 G durin,4 local day and 71o to 830 during local night) were 10 to 1000
times less than in the soft zone. Hoffman (1970) .*cund the polar cavity appearing

as a region of no measureable precipitation (with the deteators used). Yet all
wailable duata between a 5F and the pole (Frihagen, 1971; Tither.plge and Stuart,

s968e Nielsen and Aaronsr 1973) show that a high occurrence of scintillatinn pres

vails throughout this reggion. 'Maier and Ro o (1970). observing suprathermal

elec. roas ( > 5 eV). discuss a poleward boundary hign!!j- than the - irora! oval.
In teir gr-,nthsa thee shol tress difference between auroral oval flux and polar

flux for supratherihat ela ctrons tian for the highene argy elepronse Ri Sagalyn

(erivatn com(undntation, 1973) obseruiing thermal positive ion fhs over high

latitudes, most often failed to find a poleward boundary for the Irregularities

observed.
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Another possible ntet.hanism is the generation of instabilities at F-layer

height,; by the precipitation of low energy electrons. The wave motion might then

flow h:- .._-(: -id equator ard. An important characteristic of scintillation, tov% -

r:er, 's it. •eat variability within spans of lens to hundreds of kilometers. It

• ,ould be reasonable to expect waves generated at nigh latitudes in relatively small

east -west regions to spread oat uniformly at lower latitudes over larger east-west

areas. Scintillation chav-scteristics, as shown in Basu et al (1964), show con-

siderable differences between neighboring geographical areas. In addition, it is

difficult to account for the stopping of a wave motion abruptly at the scintillation

boundarv. One characteristic of scintillation-the decrease in irregilaiity intensity

from the auroral oval to the boundary-would. however, fit in with an attenuation

of a wave generated in the auroral oval.

I'he characteristi-s of scintillation in th( irregularity region point to another
possible mechanism; that is, the distu-bance ,.f field lines. In their measurements

of electric fields at 400 km, Kelley and Idorer (1972) have found variations with

iatilludi in the boundary region, the auroral oval, and the polar regions which
resemble •nose recort -d in scintillation studies. Maximum signals of a turbulent
isotropic electric field were found in regions of invariant latitude corresponding to

the average posit ir.. of the ovd.l. High intensities wcre alse found in polar regions.

Day values decreased significantly over the georvaneic li p,, - ý'elative to auroral
oval levels in their spring measuremcnt ;. ()ce.. the iyp-theses, advanced by

Kelley and Mozer, is that the sigits Vie2 deeact with their experiment are due to

elect rostatic oscillations established independently on neighboring field lines.

This hypoihesis would satisfy the obserrations of localized variations, as well as

the need to introduce an ex, lanat ion of the polar observations of a high accurrence

of deep fading.

Although the "tweaking" of magnetic field lines both in the closed knd open
field lines appears to satisfy observational demands, it hardly explains what

produces the change in conductivity along the field lines from closed field lines

right into the tail.

The outlines of the intensity variations within the irregularity region are
clear. At night during periods of magnetic quiet, scintillation index increases

severalold from the bomndary to the aurorall oval latitudes. Maximum index is

recorded in the auroral oval region. A shallow minimum is then encountered

with a second peak located near the corrected geomagnetic pole. Higher magnetic

indices both increase intensity levels across the entire irregularity region, and
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lower the bou.id.mr bfvtween the ordered F layer and the F layer encu.usted v.-ith

small scale irrevularities.

The da.t;.,ne bourndary is 1o:atcd between 710 and 760 for very low K indices

(K - 0, 1) and 68-6'n for K - 2, 3. Increased magnetic activity brings higher levels

of scintillations t:,n-aghout the region from the boundary to the., corrected geo-

magnetic pole during the day, as well as during the night.

Low energy electrons would precipitate at F-layer heights. The normal

absence from the polar regions (the polar cavity) of a h;gh flux of electrons

greater than several hundred eV, however, makes it difficult to ascribe F-layer

irregularities directly to precipitaiiorn of cr.trons within this energ range.

Suprathermtal electrons (> 5 eV, ,andi thermal electron irregularity patterns, how-

ever, show occurrence sirmfar to ihose of scinti~lation -ndkes. An association-

which is very close fron, the point of vie%, of latitude of occurrence, variation 'itW,

magnetic inde., and pola - pattern-is that of ele<.t ric field tt'rlmnen, e. Onte of the

two possible reasons for he presence of the isotropic turbulbnt electric fields

put forth by Kelley and tiozer (1972)-that is, the change in conductivity along

individual field lines-is thought reasonable from the viewpoint that scintillation

characteristics with their strongly localized intensity variations demand localized

fieid line variations.
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2.1 IN I13I1l :1TI0%

Utilizing observations of ATS-3 at 136-137 Mllz, 15-min scirntillation indices

were scaled from chart records. The observations for the stations were taken

over varying periods of time. From the Sagamore Hill Radio Observatory where

the mean intersection latitude was -- 540 invariant (elevation angl e -400), the data

encompass the period from November 1967 to March 1972 with eome gaps in the

.educed data base. Frem the Narssarssuaq Observatory of the Danish

Meteorological Institute, the records were reduced for the per[.,. September 1966

to March 1972 (with gaps). The mean intersection Lvtitude -xas --64O with an

elevation angle of ,-18. The Thule observations made at the AFCRL Geopole

Station, through an intersection latitude of 720 invariant and an el(-vation angle of

"--40. were reduced for -- 90 days; it was felt that the wide range of variations and

the lo-• angle of elevation limited the utility of the Thule data and therefore the

need to reduce mere data.

I. the graphical (and statistical) analyses, we have utilized seasons to con-

form apprtc.ximately with -stronomical considerations (February, MIarch, and
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Ap-'il for Spring, etc.). We have subdivided magnetic index into the three

groups: Kp = 0, 1, Kp = 2, 3, and Kp 7 4-9. We use K throughout the studies

shown. In Appendix A, we use K index groups to assist the systems analyst in

organizing the data fer applicability to different stages of the sunspot cycle.

2.2 TIlE !I,(;IVORE HL1L. RADIO OBRSC% tTOR

The data for the Sagam,)re Hill intersection is that applicable to a subauroral

position.

The diurnal pattern for each of the four seasons is summarized for all of

the data redvced in Figures 2. ! (a), (b), and (c) for the magnetic groupings

K = 0. 1, K 2, 3, and K = 4-9.

For K 0. 1, the occurrence of scintillation indices is somewhat higher in

the spring than in the other seasons, with winter showing the lo-aest maximum to

minimum ratio. The same pattern takes place when the K indices are higher

(2,3); that is, maximuin occurrence of indices greater than 20 in the spring and

smallest diurnal variation during the winter. The seasonal pattern of high spring

valueq continues in Figure 2. l(c) (K indices are 4-9 while the scintillation ir. ex

Is greater than 40 in this case). Winter continues to have a relatively high poct-

noon level.

Subdividing ibe data into individual seasons. year by year, the graphs of
Figures 2.2(a), (b), (c), and (d) result for K indices of 0, 1. The pattern for each

sweason has some degree of consistency for each of the years shown. Similar

graphs for K = 2, 3 are shown in Figures 2.3(a) - 1d). The total data bank is used

for the K sorts of Figures 2.4(a) and (b).
Using the mean of the occurrence of SI > 20-the two highest hourly values of

scintillation Lndex-to characterize individual seasons, Figure P. 5 has baen con-

structed for K =0-3; the data i-s inadequate to deterinitne the effect of chan~gin
sunspot number. The particular period of time. 1968-1972, had several years

of almost identical sunspot number.

The seasor.l comparipon for the Narssarssuaq data is shown in Figures

MA(a)-(d). The quiet day curves of K = ,l can be noted in Figure 2.6(a).

Summer bas t1e highest maxim-um of occurrence of scintillation indices greater
Sthan 60 (e paramier used in mos of the curves in this section) with whier

showing-a very smaUl change diurnally. This pattern of very high occurrence

of deep fadmg at night in the summer (and to a lesser extent in the 6pring -Also
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shows up in K indices of 2, 3 [Figure 2.6(b)]. An afternoon maximum is seen in

winter with a low occurrence of nighttime scintillations. It might also be

noted that summer levels go to zero during early morning hours even when the

nightly occurrence is above 90 percent. With magnetic storm conditions, the .arxe

diurnal variations hold. In Figure 2. 6(c) we continue to use SI > 60, while in

Figure 2.6(d) we have plotted SI > 1,0 It might be noted that minimum occurrence

for the 640 latitude intersect-ion occurs before noon for all K indices. A post-noon

bump can be noled at high K indices in three seasons- winter, fall, and summer.

The pattern of occurrence fci each season for the years with adequate reduced

data is 3!iown in Figures 2. 7(a) - (d) for K = 0, 1, and Figures 2. 8(a) - (d) for K ý 2. 3,

it is believed that the data were remarkably consisteat when the sorts have been

performed in the manner shown. The magnetic storm data have too high values

and are too sparse to show the pattern of seasonal behavior year bý year.

Figure 2.9 utilizes the entire data bank to determine the trend of indices,

From Figure 2. q(a). it can be noted that the time of maximum occurrence of

SI > 60 shifts towards the latter part of the morning with increasing K index.

Figure 2.6(b) shows the diurnal pattern using the occurrence of very high scintil-

lation index of 80 for K = 9-3, and K = 4-9.

To determine Ehe long t,rm trends of the mat,-riai, Figure 2. 10 has been

plotted. The mean of the two' highest hourly values of percentage of occurrence

of SI "- 60 has been plotted (K = 0-3). Little can be said about the effect of the

sun; only wi th the onconming solar minimum can the effect of solar flux be

evaluated.

2.1 TIl I.E,-t;RE•NLDI

Problems with Thule recordings were considerable. Sihce the angle of

elevation was so low (.-4o) and the wave propagation path almost always through

the auj oral oval (at some height), scintillations at 136 MHz were very high.

Figur 2. 1l showsThuleSl> 60 forK = 0,1andSI> 80for K = 0-3. A high

percentage if occurrence at night can be noted for -what is effectively our highest

value of scintillation index (SI > 80).

Z4
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3.1 ITWROIJI(ClO%

Various scintillation indices have been used to describe the depth of ampli-
tude scintillations. These indices can be summarized into four types dependent

on whether mean or rms value describes the excursions and whether amplitude
or power describes the signals. Briggs and Parkin (1963) and Bischoff and Chytil

(1969) list and discuss the :ndices.

At AFCRL, a standard method of meaaurement was adopted for ionospheric
studies (W•hitney et a!. 1969). The aim of the studies was to describe the mor-

phology of the irregnlarity structstre. Therefore a simple method had to be
utilized to reduce the strip charts. The index adopted is defined as:

S, P max -P mn 00,(31S.max+Pmin

S.L(= = -00 (.1
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where Pmax is the third peak down from the maximum and Pmin is the third

minimum up from the lowest excursion in the given sample period. The majority

of the data that Is to be described was scaled to have one index value which

characterized a 15-min interval. The data used is that obtained by observations

of various synchronous satellites transmitting at 136 MHz. A 15-min sample in-

terval was chosen in order to achieve stationarity or constancy of scintillation

Index over the measurement period. In the latitudes just below the auroral oval,

scintillations have periods that range from about I/see to 1//min with a median

value of six fluctuations per minute. The same range of periods holds for the

equatorial region, with longer periods observed in the post midnight hours (Aarons

et al, 1971). Faster fluctuations are frequently observed at high latitudes, when

observing synchronous satellites at low angles of elevation through the auroral

oval. Examples of the variation in rate can be seen in the strip chart reproduc-

tions in Figure 3. 1. A 15-min interval will, therefore, include many periods of

the scintillations, while a longer sample interval for the measurement of S. L would

be subject to possible changes in scintillation index from the variability of the

propagation path.

3.2 S"I'TILL.TIO N IODEX AD PROBABILITY DISTRIBIUTIONS

The parameter scintillation index does not describe precisely the fading char-

acteristics 'f the signal in sufficient detail for either the engineer interested in

propagation effects, or for the physicist interested in deterr-ining scattering

mechanisms for the signal. Engineers designing satellite systems must determine

the fading margin necessary to overcome ionospheric scintillations under various

conditions-and for a particular electronic configuration. The time percentage

that the signal fades below various levels as a function of local time, latitude,

season and magnetic index is usually required for a complete evaluation of the

expected performance of the proposed systems. The physicist interested in deter-

mining the mechnnism of scatter or diffraction can utilize the amplitude probability

distribution to determine various regimes in which different scattering mechanisms

hold. In particular, the distributions will fall into ranges from the strong scatter-

ing in the Nakagima q-distribution (approximate Hoyt distribution) through the

Rayleigh distribution to the n-weakly scattered distribution (approximate Rice

distribution) (Nakagami, 1960; and Biscboff and Chytil, 1969). The model to be

shown was developed by converting statistics on scintillation indices to a cumula-

tive amplitude probability distribution function (cdf). The cdf expre.ses the

probability or percentage of time that the signal amplitude will equal or exceed a

given amplitude.
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3.3 SiCINTILI ATION ItUIIX I;BO! PS %ND TKit CDF MODfLS

The scaled values of scintillation index were placed into six or~nps. Within

each group, a range of scintillation indices were encompassed. The groups and

ranges of S. I. with their corresponding charges in signal ievel are shown in

Table 3. 1.

Table 3. 1. Relation of Group to Scintillation index and Fading

Groups Scintillation Index (P) PmPax-mi (dB)

0 < 20 < 1.7

1 20- 39 1.7 -3.6

2 40 - 59 3.7 - 5.9
3 60 - 79 6.0 - 9.4

4 80-89 9.5- 12.7

_____ Ž90 12._ b

Figure 3 1 shows i.n example of data and the corresponding distribution for

each S. I. group. The dati. fer the models were taken utilizing the '50 -ft parabola

of the Sagamore Hill Radio Observatory. With this antenna, the signals from

ATS-3 were recorded at a signal-to-noise ratio of over 30 dB thus insuring suf-

ficient range to record deep negative fades. The output of the receiving system

was recorded on magnetic tape. The tape was digitized and the distributions were

made by the use of a PDP-9 computer acting as a data processor. Each o1 the

amplitude probability distributions thus obtained for a 15-min segment was %hen

sorted according to the measurement of the simplified scintillation index

Eq. (3. 1). In order to make each model, many 15-min samples were analyzed

in this way. Table 3.2 lists the number of records processed to yield a cor-

responding median cdf or model distribution.

Table 3.2. Tabulation of Distribution by Groups

No. of 15-min
S. I. Group Distributions

1 49

2 45
3 70

4 50
5 110
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A total of 324 distributions was obtained with the division between the S. 1.
groups as listed. From the sample size for each S. 1. group. the median distribu-

tion was taken as the centi al value and called a model distribution for that group.
Five model distribiltions are si~wn in Figure 3.2. The sixth, group 0, was not

measured and is assumed in the model to be constant at the median (0 dB)leval.

Since group 0 does include small scintillationa, less than 20 percent, It is realized

that there will be some departure from the median (0 d2B) for extreme probabilities.

It was estimated, however, that this assumption was justified for engineering ap-

plications. The dotted lines, which bracket the group 5 model distribution, define

±three times the stands Ad error of the mean, a~ where a is the standard

deviation and N is the number of distributions in the group. This confidence in-

terval is a measure of the probable extent to which a model distribution of group 5

is apt to vary w'ith future samplings. The limits defined by * 3 aM for the model

distributions of the other S. 1. groups were comparable to those shown for group 5.
The number of samples in group 5 was deliberately made larger than the others to

increase accuracy for extreme deviations from the median level.

As will be shown later, the individual 15-mim distributions closely followed the

Nagakami mn-distribution and could therefore be related to a particular value of the

-parameter. Since the individual disributions which comprise each S. 1. group

agree closely with Nakagami dintributions, the median for each group is also a
Nakagami distributicn. In Figure 3.2 the curves are solid over the range that the

median, of the experimentally deter-mined distributions, agreed with a theoretical

m-distribution within 0. 5 dB. Experimental accuracy was not sufficient to deter-

mine the extreme values, and the dotted lines are extended in accordance with the
theoretical xn-distributions for values of m given in the parenthesis.

The model distributions shown in Figure 3.2 are used in the following manner

to determine a cdf which correspon-Is to the frequency of occurrence of the S, 1.

groups for a given period. The percent occurrence of each S. 1. group is multi-
plied by its probability at each dB level, as given in Figure 3.2, aind the values

summed to give a composite curve. Expressed mathematically:

5
cdf(dB) Z aw(G) P~dB)

Group-0

where fMC) is the frequency of occurrence of a group and _P(dB) is the probabijity

or percent of time at ebach dB level from "7igure 3.2. Three distributions are

shown in Figure 3.3 representing the conversion of occurrence statistics for two

years of dafta for Hamilton, Mass. Daytime and nighttime variations are separated

from all hours. It is noted that a weighted combination of Nakagami distributions

produces a composite curve which cannot be represented by a Nakagami distribu-

tion.-
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A question naturally arises concerning the validity of determining a cunmulative-

amplitude-probability-distribution function in the described manner. One method of

determining the validity and accuracy of the conversion process is to compare a

derived distribution with one that is well known. During the period 25-30 July

1970, several periods of large scintillations were recorded on the 136 MHz signal

from ATS-3. The use of the 150-ft antenna for receiving the signal allowed

adequate signal-to-noise ratio for measuring the deepest fades. Since the ATS-3

signal is essentially linearly polarized, a circularly polarized feed was used to

eliminate the undesirable effects of Faraday rotation. A total of 35. 5 hr of scintil-

lations was recorded, digitized, and processed on a computer to determine the

cumulative amplitude distribution shown as the solid curve ir. Figure 3.4. For the

same scintillation period, 15-min scintillation indices were scaled and the percent

occurrence of the S. 1. groups were converted to a cdf using the model distributions

of Figure 3.2. The percent occurrence values were multiplied by the percent of

time for each S. I. model distribution and the values summed to give the dashed

curve on Figure 3.4. The comparison in Figure 3.4 of the derived distribution w.th

th., actual distribution, shows that the distributions agree with•n 0.5 dB for the

absciFssa range of 0. 1 to greater than 99. 9. It is felt that this test denmonstrates

that distributions can be obtained from the modelling procese ,.rith sufticient

accuracy for engineering applications for midlatitude stations.

3.4 HI"H LATITUDE CDF

Meaqurements in the auroral region and at the equator show a considerable in-

crease in the occurrence of deep scintillation over thal experienced at midlatitudes.

A large data tase or S. I. measurements was available from stations in Greenland

and Peru. It was proposed that the dictribution models (Figure 3.2) determined

from Hamilton, Mass. data could also be applied to convert S. I. measurements

from other sites to a cdf and thus determine iading margins for other geo-

graphical regions. To determine the validity of the conversion technique for ether

latitudes, the following procedure was used. From the signal-strengtlt records

for each of the other sites, cumulative oistributions were manually scaled. The

solid curve in Figure 3.5 5is the distribution for Nrarssarssuaq, Greenland which

was obtained by scaling 10.25 hr of strip charts which displayed a range of

scintillations. The solid curve in Figure 3.6 i" the distribution for Huancayo,

Peru and represents 7 hr of scintillating data. For each of the sets of data, the

occurrenze of the 15-min S. L was found as tabulated by groups on Figurer 3. 5

and 3.6. The occurrence values of the S. I. groups were then converted to a dis-

tribution using the models (Figure 3.2) from Ha,, lton data, a id shown as dashed
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ci.rves on Figures 3.5 and 3.6. Figu. e 3.5 for the auroral region shows that the
modelling process gives a dietribution that c.ompares with the manually obtained

distribation within I dB "or the percentile range of I to greater than S9, Com-

parison o' the two distributions in Figure 3.6 for the equatorial region s;nows a

sigmificant departure for percentiles less than I and greater than 98. This could

be a real effect in that a group 5 model for Peru could givie greater changes in

amplitude in the extreme percentih ranges; that is, it would bp, represented by a
smaller value of m than was found f'or Hamilton data, or it could be that the sample

size of 7-hr was not large enough for statistical comparison. It ig concluded,

however, that the tests-which have been described have shown that the models of

Figure 3 2 can be used to convert archive data in the form of scintillation linlces

-to cdf's for midlatitude •[id auroral regions with sufficient accuracy for engineer-
Ing applications and ovei a more limited percentile range for the equatorial region.

3.5- EN "NEEPIJG USES OF SaT•ILLTIOr% IINCES

It s•ould be noted that there are two distinct ways in wuich the occurrence of

the S. I. groupj can be ujilized.

(I% A c"' can be determined in ihe previousay -$escribed manner. This would

allow a fading margin to b-- determined to oaiercome this propagation effect for
wha.esner conditions are represented by the statisti•al sort at the S. 1. values.

(2) Relate the depth anr1 occurrence of fading to the particular modulation
technir.aes. For.ceretain modulition systems (very high-speed pulse code for

example), if the signal fell below thresolld for accert•kixe signa?) only a small

pe.-centage of a 15-min period, then the entirt 15-mim period might be useless
unless some foria of r,.-mndancy were usce. Therefore, ir' is importaftt to list the

percentage of time ea.-h of the scintillation ranges tand therefore -moel z,,strihu-_

tions) occur'ed for each set of maletic indices. Projected occurrence of mag-

netic indices will allow the engineer to forecast occurrence of system disruption.

In Table 3.3 we have listed magnetic index variations.

Table 3.3. Percentage o, Oc-urrence of Malmetic Index Sets

- -e ro-- -
Yea KP 0-3 K 4-

IPS0 72.8 - 2"_2

1951 63.5 36.5 -

1952 64.2 351 I --

1953 75.3 1 4.

-o 
L
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Table 3.3 (Contd.). Percentage of Occurr-ince of
Magnetic Index Sets

Year K = 0-3 K= 4-9

1954 8S.6 1 3 . 4

1955 85.9 14. i

195G 74.7 25.34 1957 72. 9 27.1

1958 f 71.6 28.4

1959 68.5 Z1.5

1960 67.3 32.7

1961 81.7 18.3

1962 82.2 17.8

1963 82.7 17,3

1964 88.,0 12.0

1965 93.3 6.7

1966 88.4 11.6

1967 86.6 13.4

1968 81.9 18.1

1969 87.4 12.6

197; 86.8 13.2

1971 85.4 14.6

3.6 THE GKAl;H DISTMNI P'ON

The method described in this report was developed as a means of converting

a-chive data of scintillation indices to a cdf. The tests on the accuracy of the

method indicate that it is sufficient for engibtr.-ing applications, except possibly

In the extreme percentiles and for the equatorial region. An analysis of a greater

number of 15-min distributions of the group 5 category is necessary for equatorial

scintillations to determine if the model of Figure 3.2 will fit that area.

Bischof& and Chytil (:969) showed that an approximate measure oi scintiliation

index, Eq. (3. 1) and the exact measures of Briggs and Parkin (1963) were closely

related. In their anm.qie, 1ischcff and Chytil have used Nakagami's R distribution

as a measure of i.cintillations. The distz 1bution function of intensity k (dM) is

given by:

p( 2 exp2,, 2Y.e2X/M) (3.2)
R r -- (

o •_ t
' S



36

where 'M = £0 log, 0 e = 8. 686. A plot of the cumulative distribution is shown on

Figure 3.7, for several values of m from 1 to 40. Even though only integer values

are show,*n, m• is continuously variable and can have any value ?. 0. 5. It is also

evident that the fading range is proportional to 1/a.

Six experimental 15-rain distributions from group 5 and four distributions

from group 4 are plotted in Figure 3.8. The two solid curves are tne theoretical

distributions with m = I and 1. 3 and the dashed curve is w = 4. No test of fitness

was made, but, since m can have other closely spaced values to those shown,

visual inspection leads to the conclusion that there is good agreement between the

theoretical curves and the experimental distributions.

Experimentally obtained distributions from S. L g.oups 3, 2, and 1 have been

found to agree with theoretical distributions having m values ranging from 6 through

100. Since the 15-mrin distributions agree very closely with the theoretical m

distributions over the measurement range, extreme values can be approximated

from the theoretical curves when required, For example, a fade depth of -27 dB

is indicated for the 99.9 percentile for the mi = 1 distribution.

3.7 FRE9UENCY IDEPEDENCE

The frequency of a system in the design study phase can be a variable with the

choice at times within only a sbort range (225 Mllz to 400 MHz, for example) or

between frequencies differing by an order of magnitude (136 MHz to 1550 MHz).

With available data the tradeoffs possible can be evaluated at middle and high

lp'itt des in the first case with a fair degree of certainty.

'Me frequency dependence can be determiaed by relhting the ratio of the

ame unt of power in the scintillating component to the frequency ratio. Aarone et

a* (967) determined the frequency dependence of radio star scintillations from the

relationship:

n o -I lof,(3.3)
SI fl.:lo /log.s~-

where S ie the scintillation index of Eq. (3.1). q is termed the spectral ir-ex of

the scintillations. This expressica !s valid as long as S is a constant power law

f'nction of frequency. A log-log plot of S vs f will result in a straight line with a

slope equal to q. Their results show that the scintillation index is inversely

proportional to frequency squared for weak scintillations, and approaches a I/f

dependence for high levels of scintillation. As pointed out earlier, however,

scintillation index is not a convenient system design er plysical parameter.
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It has been shown (Chytil, 1967) that:

S4  Ift/mfor 0n . .5 (3.4)

where S4 i3 the notation u.d by Driggs and Parkin (1963) to tieasure the seLntilla-

tion depth as the root-meanr-soqare power deviation divided by-the mean power,

and m is Nakagamil's parameter.

By sisb.tituting% I1/no for S in Eq. (3. 3), is can be found that:

SI fln -_ og- in log -- Tim (3.5s)
'2 12.5

If Yj can be evaluated from simulianeous distributions for two frequencies from

thi- same source, then prediction of the expected distribution at a desired fre-

quency can be made as long ab scintillation index and " remain a constant power

of frequency.

The technique is illustrated in Figure 3.9 which shows the experimentally

determined cdfts for two frequencies. By comoaring the experimental distribu-

tionp w•.!i the theoretical distributions, it can be seen that these distributions

approxima~ely follow a t.heoretical distribution of m 1.5 for 137 MHz and in - 40

for 412 AlUx. Evaluation of , gives:

11,4 = log / log j 2. 98 (3.6)
q ,=lg40 /-s412

[ From Eq. (3. 5) this value of n . would correspond to a scintillation index spectral

la,:, of -1. 5. Uvng the vaue of q from Eq. (3.6) and assuming that a constant

pawer law relailonshti holds over the frecruency interval. a predicted distribution

with. m = 9. 5 would be Obtained at 254 MHz.

If strong .attering is observed, tW is, 0. 5 1 < 1 on the lower frequency,

a constant powc., law relationship may not be the case and interpolation or

extrapolation for a distribution at other frequencies may be untenable.

To deterrnwu the spread in exqpertmentafly etermined values of spectral

index n, 22 simultaneotu records of scintillations at 137 and 412 MHz were

processed IQ give corresponding 15-min cumulative amplitude distributions. The

values of m varied from 1.1 to 4. 9 at the lower frequency and from 24 to 100 at

the higher frequency. Spectral indices were calculated from the values of m and

frequency of occurrence is shown in Figure 3. 10. The datu peaks in the range of

2.8 to 3.1.
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3.A .tI.tE OF ElE% ATiO, I:FFECTI"S

Tile basic formula for describing the effect of angle of elevation on scintillation

is given by Briggs and Parkin (1963):

a n2c4 I 1 /2

S f (sec 0)1/2 1 + 4 2L 1

The difficulty in testing the equation is that in practical sixuations. the propaga-

tion path to two synchronous satellites traverses two differing invaeiant latitudes.

For a short period (15 January to 15 April 1968) simultaneous data from ATS-3

and Canary Bird were compared utilizing the cdf technique. Figure 3. 11(a) graphs

the results of a comparison fcr one satellite, Canary Bird, at approximately 110 of

elevation with that of ATS-3 at 370 of elevation. The graph in Figure 3. 11(b) is

obtained by plotting the corresponding dB levels for the same percentage of time

from Figure 3. 11(a) for the two satellites. The slope of the latter curve is 1.28.

"The intersection latitude of the two paths differed somewhat. This, coupled

with the necessity of placing measurements into their proper context as to falling

within near or far field considerations (Aarons et al. 1971), does not allow us to

generalize ;urther on angle of eleration effects. The observations approximate

theoretical values but are too meager to be definitive.

3.9 A NSPOT N MIBER %N)D MI MAE11l: INDEX OCCIURRECE

A parameter of obvious importance in geophysics is the solar flux or sunspot

number. It has been shown that years of high sumspo" number show an increase in

mean scintillation index relative to years of low su-nspot number (Lansinger and

Fremouw. 1967). A comparison of measurements for the effect of sunspot number

must, however, normalize for the occurrence of magnetic index values. Years of

high sunspot number bring a high occurrence of magnetic storms. Greater scintil-

lation activity may be the result of more magnetic storms. Aarons et al (1964)

have shown that during magnetically quiet periods (K = 0, 1, 2), i-creasing sunspot

number increases scint flation index but it is of lesser importance than magnetic

index.

The data bý.se on which the present statistical study rests is not long enough in

time to allow a sunspot number parameter to emerge as a variable. A separation

of the cdf's a'- a function of K groupings, however, has been made. The projected

occurrence of K indices can then be utilized to evaluate scintillations for a particular

year. In Table 3.3. we gave the occurrence of Kp from 1950 to 1971. In Figure 3.12
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we have graphed the occurrence of Kp = 0. 1 and Kp 4-9. It is clear from the table

iind the graph that the occurrence pattern of quiet and disturbed magnetic indices

differ significantly fromn the sunspot number of 10--,. solar flux parameters.

The data base used for the observations listed in Appendix A are predominantly

from 1968, 1969, and 1970.

3. ljIA ONt %~L AND U.DPEKC

The descriptive model of the irregularity region indicates it is possible to

" characterize a geomagnetic latitude by the occurrence of scintillation index groups.

The occurrence of scintilkit~tms at one location is a function of:

(1) Local propagation path intersection time (more properly corrected geo-

magnetic time).
(2) Season.

(3) Pl'netary or local magnetic index.

In thio statistical model of fading occurrence, we treat only three latitudes.

The first is that of the propagation path fron- Qo.amore Hill through an invariant

latitude of 540 (at 350 km altitude). The second is that of a path through a lkcitude

of 640 (NMrssarssuaq) and the third through 72° (Thule). The typical angle of

elevation to ATS-3, the source used for this data, was 40°0 for Sagamore Hill,

180 for Narssarssuaq, and 40 for Thule. The synchronmus satellite was near its
maximum ele-,ation angle for this study (the satellite was positioned near station

longitude for two of the observatories for a large portion of the neriod of daL

taking). The data has not been normalized for angle of elevatin effects; without

normalization it is felt that the data represents a practical situation for the three
latitudes.

hn Appendix A, the percentage of occurrence of scintillation indices are listed
for hourly groupings of local ",ime, seasons, and magnetic index sets. We have

also transformed thece into cumulative amplitude prcbability tables.

It is hoped that the tables will be of use Ln evaluating the effect of scintillations

on proposed systems involving high latitude propagation paths from satellites.
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(136 MHz) Obtained by Computer Analysis Witn the Distribu'ion Obtained
by the Conversion of the Occurrence of S. I. Grcoups "or the Same
Period
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Appendix A

C 1lwv. Am•plie Pob•lity Dssteih.ies

The following data pages contain analyzed cdfts for the three sites used in the

test. Seasonal patterns are shown as well as cdt's for al the data available.

Thule seasonal patterns are not given since the data base was j'idg,•d inadequate.

In the cd'.s the symbol A is placed alongside vaiues where the accura-y of

the interpolation routine is doubtful; the symbol B is placed alongside values where

the data is extrapolated and also may be doubtful.
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HiAMILTON ATS-3 NOV-JAN 1969-72 LOCAL TIME
faO-3

DIURNAL VARIATION
00-21. 10-li. 11.-IS 16-22 22-02 02-06 06-10

SI PCT PCT PCT PCT PCT PCT PCT
a0-19 32.92 95.30 90.95 66.93 62*5? 71.4.2 g0.16
22-39 11.06 3.1.6 6.32 9.36 16.76 16.50 6.02
1.0-59 3.78 1.36 .60 2.22 11.10 6.25 1.63
60-79 1.1.2 Ole .09 e93 h.es 2.55 *17
60-69 .26 0.60 .004 .27 .14 .4.3 6.33
93-99 .51 0.at 0.00 .27 14%* .65 .54

CIURNAL VARIATION
30-21. 14-11. 14-16 18-22 22-02 02-26 06-10

PCI Do x DO X Os X 0S X as x Do I no x
.05 8'..5 2.15 2.22 3.606 6.54 5.21 2.53
.10 3.65 1.76 1.64 3.07 5.142 4.29 2.06
.20 2.63 1.39 1.51 2.37 4.8.1 3.4.3 1.s6
*SO 1.91. *is1 1.12 1.61 3.22 2.42 1.'5

1.00 1.41 .56 .67 1.17 2.8.1 1.60 *94
2.00 .99 .4.2 .66 .68. 1.72 1.29 .68
5.00 .5? .17 .1.1 .41 1.02 .7? .41

10.00 .34 035 .26 .29 .61 .8.9 .25
20.00 .16 -.21 .12 I1S .29 .25 @12
30.00 .08 .31 606 .68 .13 .10 .0s
48.00 .01 .90 .62 .00. .05 of#. .02
50.DO 0.00 c.at 0.00 0.30 0.00 0.00 *600
60.00 .80 .32 -.00 .01 -.34 -.03 -.000
73.00 .01 o13 a0s .23 -. 10 -. 06 .45

960.0 -. 04 .31 A A0s .03 -. 28. -. 16 .31.
90.00 -.22 .30 A -.01. A -.13 -.61 -.8.3 -.36 A
95.00 -.S2 .11. A -.23 -.36 -1.12 -. 82 -026

9I.00 -5.73 -2.5 -2.76 -4.65 -. 270 -7.040 -3.1

HAMILTON £ITS-3 FEe-APR 1169-12 LCCAL TIME

CIURNAL VARIATION
90-21. 10-146 14.-19 16-22 22-02 62-06 06-16

SI PCT POT PCT PCI PCI PCI P^1
00-19 64.63 96.96 97.29 64.74 64.38. 10.86 94.306
20-39 ?.4.9 Z.-I& 2.56 9.22 12.S2 12.66 5.63
410-59 3.32 .15 .10 2.59 6.35 u.lco .66
60-79 2.38. 0.30 *as 1.71 e.56 SON; 019
60-69 .67 .19 0.00 .93 2.8.1 1.64. *IS
90-99 1035 4.36 0.00 076 5~e0 1.5.0 6.36

CtURNAL VARIATION
00-218 10-18. 14-16 16-22 22-02 62-86 00-16

PCI Do x 06 x Da x as K 103 N Do x 06 9
.55 F*94 1.96 1.5b 5.23 7.65 6.31. 2.19
ti0 4.66 1.50 1.26 4.26 7.07 5.23 1.78
.20 3.91 Selz 1.81 3.35 5.96 4.32 1.182
.50 2.62 .36 .71 2.22 4.58. 3.15 1.61

1.60 1.79 .s7 A 5Z 1.54b 3.52 2.36 .74
2.86 1.13 .8.2 A .36 1.66 2.446 1.66 9S2
5.00 *S0 9.29 A .21 .49 1.291 .1 t29

10.30 .19 ON0 A .12 .26 .43 .468 .16
26.609 .62 .13 A .O5 .06 *to 019 007
36.00 -. 31 oil A .01 .63 *IS .0? *Or
46.01 -. 02 -. 32 s00 -. 61 .62 .63 .61
560*0 0.69 0.30 0019 3.3 .66 6.60 l.66
66.03 A .0 .31. .043 .01 -. $1 el1
73.00 to# .34 .14 .61. -. 62 -. 02 .39
66.00 .66 .12 .26 A .82 -*1? -. 13 *12 A
96.60 -012 912 .22 a -. 14 -. 16 -. %7 .67 1
95.00 -. 46 *as .14 A -. 45 1.942 -Ole -.I? A
96.63 -1.25 -. 16 -. 09 A -1611 -2.19 -1.96 -. 66
99.09 -2605 -. 42 -. 31. A -1..? -4.19 -2.72 -. 71
99.50 -3.02 -Sys -. 61 -2.56 -5.64. -3.75 -1.13
"9.s0 -4.7s -1.31 -1.11. -4#.04f -. 064 -S.37 -1.72
99.93 -6.41 -1.$#& -1.54 -5.36 -10.86 -7.04 -2.16
99.95 -8.31 -2.8.0 -1.95 7.67 -12.65 -6.62 -. 8
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HAMILTON A15-3 WAY-JUL 1969-72 LOCAL. TIME5

K.0-3
DIURNAL VARIATION

00-2'. 10-14. 14-16 18-22 22-02 02-06 06-10
SI PCT PCT PCI PCT PCT PCT PCT

06-19 90.7'. 94.94. 96.81 88.26 810.56 G7.es 95.24.
20-39 5.34. 4.29 2.00 6.30 7.47 7.09 3.84
40-59 2.01 .61 .27 2.75 4.60 2.66 .69
68-79 1.01 *.'a .03 1.36 3.16 1.16 .19
00-69 .33 003 0.00 .47 .16 .56i 913
90-99 .S? .33 0.00 .65 2.10 .44 0.000

CIURNAL VARIATION
00-21, 19-14 14-18 16-22 22-62 02-06 06-U't

PCT Do x 08 x Ce K DS x 09 x Do x 0S x
.05 4.61 2.14 1.67 5.1e 6.86 4.46 2.12
.10 3.67 1.70 1.36 4.20 5.46 3.61 1.71
.26 2.73 1.33 1.00 3.21 4.459 2474 1.3S
*So 1.71 .15 *76 2.06i 3.09 1.6s .93

1.00 1.14 *?1 ass 1.30 2.15 1.29 *67
2.00 .71 .52 .36 .6? 1.16 &as .44
5.00 .33 .32 619 .40 .6.i .42 .22
10.00 .15 A .21 *is .17 .25 .20 .10
20.00 .05 A .11 .03 *IS .03 *my .03
30.00 .02 .81 .02 .01 -.02 e42 al1
40.40 -.03 .30 .00 -.03 -.02 -.01 .00
56.00 0.000 0630 0.00 0.00 0.00 0.00 0.00
69.1 .04 *a? *02 1 04 .05 .03 .02
70.00 .67 .89 .13 *97 .0? .06 e12
600.3 .09 .12 .19 A .0? .04 .00 .16 A
90.10 -.00 .36 A .28 A -.05 -. 19 -067 .14# A
95.00 -. 22 -0314 e1l A -. 33 -it% -. 34 .01 A
90.00 -973 -. 35 -. 14 A -e93 -1.55 -.10 -. 31
99.10 -1.20 -. 64 -. 42 -1.5s -2.45 -1.47 -. 00
99.50 -1.99 -1.341 -. 72 -2.3? -3.63 -2.16 -1.02
99ae -3.16 -1&62 -1426 -3.62 -5.60 -3.29 -5.*61
99.90 -16.40 -2.10 -1.67 -5.21 -7.712 -4.36 -2.06
"99.9 -6.95 -2.57 -2.06 -?.82 -9.44h -S.72 -2.55

"NAMILION hIS-3 AUG-OCT 1969-72 LCCAL TIME
(3.1-3

CIURNAL VARlATIC'.
00-24 10-14 114-16 18-22 22-02 02-06 06-10

SI PCI PCI FCI PCT PCT PCI PCT
00-19 06.46 91*41 91.35 81.3? 76.216 64.067 91.19
20-3S 9.06 7.20 7.76 11.91 s.91 10.06 7.67
111-59 2.23 .97 .79 3.40s 4.01 2.80 .66
60-79 1.17 .32 .09 1.34 3.401 1.74 .23
00-09 .41l j lose 0.0 97 1.21 .19 .05
90-99 .6i. *as 0.0 A .93 2.413 S3 Va.l0

DIURNAL VARIATION
40-24 10-t4 14#-16 16-22 22-02 02-66 06-16

PCI 0S K 0S x CfO x cS x cS x Uri x Do K
.05 4.7T9 2.5e 2.16 5.44# 6.66 1#.53 2.34#
.10 3.66 2.j7 1.63 4.42 5.71 3.66 1.91
.Z9 2.92 1.606 1.51 3.49 4.65 2.02 1.54
.50 1.00 1.17 1.12 2.33 3.32 1.90 1.13

1.60 1.30 *96 .60 1.62 2.35 1.36 466
l.se *a9 .65 .64 1o6s 1.52 .14 .64
5.00 .49 .. 0 .30 .60 .73 .53 939

10.00 .29 A .25 .23 .34 .32 .30 .24
20.30 .15 A .13 ell .16 set .1l# .12
3t.00 *to .03 o06 off .01 .07 as5
40.00 -. 01 .31 902 ell -. 01 .00 .02
50.0 e.se s.00 0.00 s.63 s.00 .106 s.l0
60.00 .03 .11 -.00 401 .83 .01 *to
740.0 .62 .36 elk -.31 .04 *12 .36
60.0 -al1 *36 .06 A -*I5 -.01 -. 01 .06
90.10 -. 14 -. 43 -903 A -. 24 -928 -. 10 -.02 A
95.00 -. 40 -.21 -@21 A -*5y -.76 -.46 -. 21
sues -. 94 -054 -.57 -1.23 -1.12 -1.02 - -.57
"9e.6 -1.51 -93S -. 14 -1.90 -2.ft? -1.ss -ot1
"995 -2.19 -1.10 -1.31 -te71 -3.95 -2.21 -1.33
"9. 60 -3.44 -2.31 -1.00 -4.23j -S.0l -3.31 -1.96
0909.9 -4.67 -2.404 -2.27 -5.07 -?.It -4913 -2.32
919.9S -6.9 -3o37 -2.67 -7.44 -9.91 -5.73 -2os0
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WMILTON ATS-3 ALL DATA 1969-72 MCAL TINE

DIURNAL VARIATION
60-25. 10-is. th-is 16-22 22-62 02-06 06-10

SI PCT PcI PCT PCT PCT PCT PCT
00-19 66.61 95..o7 94.25. 65.66 72.E5 79.49 92.92
20-39 6.O0 4.5.0 5.26 8.90 11.76 1170 5.995
840-59 2.77 eye .5.3 2.76 7.05 4..?? ego
60-79 1.5.3 .15 e06 1.33 40.11 2.55 .19
69-89 ohs '16 eel .63 1.30 *69 o93
909.'9 .75. 06? 8.99 .72 2.93 .60 all

DIURNAL VARIAT.ION
00-25. 10-15. 141.-l 1)-22 22-62 02-06 06-10

PCT 0s x Do x DO x Do x as x Do x GB x
.05 5.68 2.25 1. 96 5.01 7.11 5.22 2.29
.10 4.05 1.76 1.62 4.07 6.00 4.31 1.60
.20 1"41 1.5.0 1.32 3.13 4.51 3.5.3 1.S0
*50 ;:-12 .9 .96 2.05 3.01 2.36 1.o8

1.00 1.39 .76 .73 1.5.2 2.11 1.72 .01
2.90 .91 .51 .53 .94 1.75 1.1& .56
5.09 .5.6 .29 ..41 .49 *So *fS .33

10.80 .25. .1? .10 .26 .45 .35 .19
220.69 .10 .6s .06 all *1f *1S *Is
30.00 .95 .15. .05. *Is *0S so? .13
5.9.00 -. 01 Goo .01 -all 001 .01 ee1
5O10. 000 0.0 600 9.9s 0.96 $.00 9.09 l.ss
61.00 .63 .22 .01 .63 .01 age .01
76.9 045. .39 .09 .03 -.01 Sol *Is
00.00 .02 .12 al1 A .01 -. 10 -.05 .19 A
90.69 -. 12 .19 A .07 A -. 14 -. 43 -e26 .13 A
95.60 -.5.0 -.05 -. 07 A -.043 -05? -. 65. -. 15 A
98.60 -. 98 -. 36 -o39 -1.62 -2.60 -1.35. -0%2
99.08 -1.69 -. 67 -. 66 -1.654 -2.S9 -2.09 -. 62
99.50 -2.33 -1.39 -1.66 -2.39 -4.31 -2.76 -1.25
99.60 -3.67 -1.69 -1.61 -3.75. -6.53 -4.19 -1.83
99.99 -5..9S -2.18 -2.02 -5.03 -6.5.5 -5.35. -2.39
99695 -*6. -2.66 -2.5.1 -6.71 -16.45. -7.204 2.76

"~A'4LTCR ATS-3 ALL DATA 1969-12 LOCAL TINE

CIURNAL VA'IATIOM
94-C-0 16-15. 14-16 18-22 22-02 02-06 06-12

SI PCT POT PC7 FCT PCI PCI PCT
00-19 75.28 93.11 69.26 79.95 60.55. 53.15 76.12
20-3Vs 13.56 5.72 7.72 10.79 19.13 21.59 17.23
5.9-5' 5.69 1.J3 2.25 4..29 7.10 12.59 2.17
69-79 2.65 025. .63 2.46 4.75S 6.06 1.29
66-89 1.13 0.10 .07 .91 2.51 2.15 .38
90-99 2.26 0.00 .07 2.5.6 5.51 4.046 .20

DIURNAL VARIATION
16-15. 19-15. 15.16 14-22 22-62 02-96 06-16

PCT no x 0S x CS DO Cl 00 x Do x De x
#I5 6.72 2.27 3.00 6.62 7.61 T.ot 3.81
is6 5.66 1.86 2.5.6 5.6 To31 6.09 3.13

.20 4055 1.52 1.96 4.61 5.90 5.57 2.51

.50 3.28 1.29 1.43 3.23 14.56 4.22 "S.66
1.66 245 .61 1.05.f 2.22 3.43 3.26 1.37
2.06 1.046 .1 .73 1.5.2 2.39 2.26 1.62
Selz .77 .30 .41 .64 1.25 1.36 .65

1o.60 .50 *1s .27 .32 .85 47S .lo2
20.00 .17 .36 .69 .16 .24 .36 .22
36.30 all .03 .64 .03 .16 *I6 694
40.66 goo oil .61 .082 .62 .66 .63
50.06 600 000 6.99 se36 6.s9 6.9 se.lsel
66.69 .09 .31 .01 e82 -.61 -*I5 -*@a
70.6 -.62 .09 SIG Olt -.67 -*1f# -933
06.0 .069 Oi1 A .0n -.03 -.22 -. 33 -*1s
16.69 -. 36 *05. A -. 67 -.27 -*Is -.66 -.31
I5.0 -.61 -. 12 A -.29 -.76 -1.31 -14.416 -.61
96.69 -1.69 -. 14. -. 71 -1.63 -2.71 -2.06 -1.15
99.86 -2.56 -. 02 -1.17 -2.53 -4..1p -3.79 -ISI3
99.56 -3.66 -1.25 -1.65 -3.02 -5.76 -5.25 -2.17
99.60 -5.65 -1.63 -2.33 -5.97 -6.36 -7.,72 -2.96
99.99 -7.76 -2.29 -2.92 -7094 -16.31 -9.05 -3.77
99.9 -9.72 -2.74 -3.81 -9.92 -12.46 A -12.61 -40%5
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NARSSARSSUAO ATS-3 NOV-JAN 196S-12 LCCAL T146
0Cs0-3

CIURNAL VARIATION
00-24 10-14 lot-Is 16-22 22-62 62-66 06-10

SI PCT PCT PCI PCT PCI PCI PCT
01-19 35.63 41.7'. MI. 33.29 23.15 35.76 S1.6ek
20-39 29.3? 31.39 26.56 32.6? 31.59 25.36 27.52
4.6-59 16.32 M351 16.51 19.41 16.56 15.6-3 12.65
61-79 9.22 6.69 11470 &M9 12.61 16.63 so.66
44-69 3.94 2.66 5.01 3.84 5.l1 5.5'. 1.s1
98-99 5.32 3.31 7.06 3.33 9.36 Y.6U 1.33

DIURNAL VARIATION
66-2'. 16-1'. 14-16 16-22 22-62 62-66 66-16

PCI 09 x Do x as x 06 x co x us x 0o x
&I5 r.6t 7.37 6.03 9 7.41 7.16 a s.6t a 6.13
O1e 7.66 6.32 7.41 6.36 7.16 7.#48 s.65
gas 5.94 5.22 6.39 5.26 6.02 6.56 4.24
*So 4.5'. 3.16 409. 4.6'. 5.32 5.04 3.13

1.66 3.66 3.03 3.96 3.15 14.32 4.66 2.41
2.66 2.65 2.21 2.99 2.36 3.29 3.6'. 1.79
5.03 1.66 1.3'. 1.64 1.46 2.02 1.63 1.12

1sola .99 .64 1.14 .96 1.25 1.09 .76
26.63 .9 .162 as? ass .63 .52 .35
38.60 .25 .21 *29 .26 .32 .26 O1e
46.66 .10 ass .12 all .13 *1$ *I7
56.66 6.06 6.l6 6.06 s.6l s.66 6.60 s.66
Gl.66 -&1s -.66 -. 12 -.11 -o13 -. 16 -. 67

99.95 -12.JS -&10 -13.94 -16.2' -15.. -14.5 -6.46

WASSoARSSUAQ A .S-3 -20 -*196-*12 -Zoos TINE6

"*so -see 1-A'.S 1-16S 106-92 -6.29 2-6*6 6-167

"off5 041.7 173.4 17.95 15.69 12.46 16.65 13.1s
66-79 -11.76 -4.57 11.14 14.72 -1.519 17.63 -6.6
6395-126 9 6.7 -1.13 -1.65 -11.33 -11.646 16.36j -6.4
93-9SS1969 .66 6,3 30.6 1945.18 25.64 3.N6

DIURNAL V6ARITION
66-24 10-14 14-16 14-22 22-62 62-66 66-16

65-1 7.15s S 6.9 5 6.13 644 .671 6.313 1 .1* 6 74261

.563 22.42 3.39 992 . 13731 7.56 Iso6a 3.*67

2.66S 14.27 1.53.49 11* 5.15s 5.046 4.66 2146
5.-60 2.75 1.216 1.69 3.72 4.966 13.2 1.31

16.661 19.6' .59 2.0 94 3498 2.13 2.674 3.1

40.6 -.4 .036 1.-6 812 222-42 02-1 0661

56.66 91 0.6 3.06 6.66 6.66? 6.66 6.6 6.660 t

6.18 -. 0436 5 -. 19 -. 36 -. 8 -.18 -. 5 -.b 621
61.6 -. 66 -. 90 -660 -*1.36 8:.1? -11 -.9Sel
96.6 -1.62 -. 02 -1.2 -271 -3of1 -2.32 -. 6

190.6 -7.31 2o§ . 15 -5.3 8.6 -9.501 -6.6 -3.46
99.5 -e.25 -3.96 -6.95 -1.7 #16 3-12 12-1.63-.6

39.66 -1236 -*i7 -. 26 -15.1 A -1.3 6* 3. -6.6

99.96 -15.8 -7.60 -1.7 3.16 6 -2.3% -11.22 -.6.7
?99.9 9.266 -49.4 -015-Go604 ..66 195 5.66 -*167
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S

NARSSARSSUAQ ATS-3 NAY-JUL 1968-72 LOCAL TIME
K84-3

DIURNAL VARIAT ION
00-2'. 10-1'. 14-18 16-22 22-02 02-06 06-15

SI POT PCT PCT PCT PCT PCT POT
00-19 34.S6 64.47 51.32 13.76 3.76 13.75 59.50
20-39 21.22 27.43 26.16 17.92 6et0 22.43 24.78
'.1-59 12.87 6.38 12.23 16.97 10.91 22.65 &.19
60-79 10.bs .69 4.49 17.29 16.5? 16.3? 4.56
60-89 6.99 v3'. 1.71 10.80 10.23 9.63 1.35
90-99 13.72 .0.6 2.09 23.25 41.93 12.98 1.62

DIURNAL VARIATION
00-2'. 10-1'. 1'.-18 18-22 22-02 02-06, 06-10

PCI 06 x 09 x c9 x 08 K Do x Do x D9 x
SOS 7.71 a 4.42 6.72 6oft a Go06 8 7.56 9 6.33
.1084000 3.59 5.59 7.93 8 7.11 8 7.97 5.22
.20 7.29 2.90 4.56 7v65 6.05 8 7.30 4.29
.50 5.88 2.12 3.37 6.71 7.so 5.89 3.12

1.00 4.79 1.o'. 2.55 5.60 6.52 4.61 2.33
2.00 3.4s 1.24. 1.65 4.53 5.41 3.6'. 1.67
S.00 2.30 .62 1.1'. 3.10 4.01 2.50 1.01
10.00 1.34. .52 .70 1.96 2.02 1.60 .52
20.00 .59 027 .35 .91j 1.59 .6'. .32
33.00 .25 .14. .17 051 .66 044. .1'.
4.0.00 .10 *CC .07 .21 .37 .19 .05
50.00 0.00 0.36 0.00 0.00 0.00 0.000 0.00
60.00 -.10 -.IS -.06 -.21 -.38 -.19 -.05
70.00 -.25 -.12 -.17 -.51 -os3 -946 -.12
80.00 -.60 -.23 -.34 -1.06 -102~ -.90 -.27
90.00 -1.'.? -.51 -075 -2.21 -3.23 -1.79 -.62
95.00 -2.60 -.58 -1.28 -3.63 -8#.96 -2.86 -1.11
96.08 -4.58 -1.$7 -2017 -5.85 -7.49 -4.68 -1.95
99.00 -6.33 -1.99 -2.96 -7.80 -9.45s -6.3'. -2.70
99.50 -8.28 -2.53 -4.06 -9077 -11.78 -- 6.023 -3.71
99.60 -10.98 -3.50 -5.87 -12.66 -14.?'. 9 -10.65 -5.33
99.98 -13.73 -4.35 -7.70 -13.66 8 13.140 8 -13.2S -7.05
99.95 -10.11 a -5.61 -9.57 23.11 6 119.97 9 -11.63 0 -G.87

NARSSAPSSUAQ AIS-3 AUJJ-OCI 1966-72 LOLAL TINE
scaa-s

CIUPidAL VARIAT ION
00-2'. 10-14 14o-18 16-22 22-02 0?-06 06-1C

SI PCI PCT PCI PCI PrCI PCI PCI
00-&9 34..36 53.58 '.6.63 16.38 7.19 23.16 59.52
20-39 23.03 27.&2 26.40 16.63 15.24 27.26 24.79
40-S9 16.31 10.99 12*55 19.63 22.55 21.66 10.60
16-79 11.75 4.57 6.43 1.607 22.66 11.92 3.92
66-69 6.0'. 1.91 3927 t1.22 12.69 5.67 1.05
90-99 6.S1 1.73 2.30 17.66 19.41 10.611 .33

DIURNAL VARIATION
10-24. 10-1'. 14016 16-22 22-02 82-86 06-11

PCT 06 x 09 K as K Do K ON K Do K 08 K
.05 6.14 6 G.i0 7.09 7.11 6 Go7d 8 7.93 9 4.66
.10 7.60 5.39 5.95 0.14 6 7.96 S q7.7 4.03
.20 S.67 ht.46 4.89 7.5o 7.72 f.S2 3.37
*SO 5.26 3.26 3.?7. 6.29 Goss 5.844 2.56

1.00 4.22 2.46g 2.91 5.16 5.39 4.42 s.l1
2.00 3.19 1.60 2.15 4.19 4.36 3.38 1.52
5.so 1.9'. 1.10 1.32 2.76 2.99 2.09 .96
16.60 1.17 .64 061 1.76 1.i? 1.30 .61
2,1000 .56 .33 .%1 ell 1.66 .66 .31
33.00 4*27 oil *21 .4.7 697 .34 .16
4.0800 4.11 *a? *Go .19 .24 .14 of?
51.60 0.00 1.30 4608 6.06 0.00 6.00 sell
66.00 -.10 -636 -*or -.19 -.I5 -.14 -416
76.00 -.26 -.15 -.19 -.46 -.40 -.35 -.146
0.00 -. 56 -%32 -.39 -.96 -1.141 -.76 -.27
96.061 -1.29 -.1? -. 67 -1.99 -2.21 -1.44 -.63
95.661 -2.21 "1.214 -1.49 -3.21 -3.56 -2.36 -1.06
96.60 -3.79 -2,11l -2.406 -5.23 -5.55 -4.0'. -1.76
19.06 -5.27 -2.89 -3.441 -7.05 -7.C.1 -5,60 -2.3?
99.51 -7.07 -3.92 -#4.S3 -6.94. -9.31 -7.46 -3.16'
99.60 -9.6e -5.60 -6.46 -11.66 -12.32 -16.66 -4.67
99.90 -11.66 -7.32 -6.26 -15.01 A -15.60 -12.23 -4.65
99.95 -14.99 A -9.1'. -10.02 -1.699 7.?20 6 -15.00 3 -6.601
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NARSSARSSUAQ AIS-3 ALL DATA 1966-72 LOCAL TIME

imCa-3
OIURt4AL VA0rATION

00-24 10-14 14-18 16-22 22-62 02-06 SB-IS
SI PCT PCT PCT PCT PCI PCI PCT
00-19 32O0 50.39 37.34 19.57 10.s0 21.50 52.14
20-39 24.53 30.31 28.32 21.32 16.07 23.05 27.90
40-59 15.00 11.33 15.&6 17.67 19.,46 16.61 11.11
60-79 16..63 4.39 9.21 14.01 16.53 116.39 5.43
60-89 5.61 1.56 3.81 8.28 11.12 7.97 1.66
90-99 11.96 2.32 5.43 19.1 29.25 14.46 1.76

DIURNAL VARIATION
00-24 10-14 14-18 16-22 22-02 02-06 06-10

PCT 0e x Be x-- e x 09 x Be K Do K Do K
.05 7.65 8 6.65 7.83 7.6s9 8 7.00 8 7.54 8 6.91
.10 7.88 5.53 7.68 8.02 8 7.74 S 8.04 8 5.4
920 7.11 4.51 5.96 7*66 8.04 8 7.38 4.42
.50 5.66 3.32 4.56 6.39 7.04 5.99 3.28

1.00 4.59 2.51 3.62 5.28 S5.4 4.90 2.50
2.00 3.56 1.02 2.66 4.25 4.085 3.89 1.83
5.00 2.14 1.12 1.60 2.77 3.41l 2.48 1.12
10.00 1.26 070 .98 1.71 2.23 1.53 e70
20.00 .58 .35 .46 .82 1.13 .75 3
30.00 .28 .18 *24 .41 .50 .36 .17
40.00 ell .07 Ole *17 .24 *i5 .17
soon"~ 0.000 0.60 0.00 0.00 0.e 900 0.00 .0
60.00 -.10 -.37 0.09 -.16 -.24 -.15 -.86
76.10 -.27 -.17 -.24 -.42 -.60 -.39 -.16
80.00 -.61 -.35 -*S0 -.68 -1.21 -079 -.33
90.00 -1.39 -.75 -1.07 -1090 -2.49 -1.69 -.74
95.90 -2.42 -1.27 -1.82 -3.16 -4.07 -2.82 -1.26
98.00 -4.27 -2.13 -3.08 -5.34 -6.43 -4.76 -2.1.3
99.00 -5.95 -2.13 -4035 -7.25 -8.841 -6.53 -2.92
99.0S -7.90 -.%.98 -5.86 -9.17 -15.42 -8.45 -3.43
99.80 -19.52 -5.17 -8.35 -12.24- -14.14 -11.19 -5.59
99.90 -12.7. -7.60 -10.31 -15.12 A -?.i9 6 -14.08 -7.32
99.95 -13ro3 6 -9.46 -12.44 A 6.30 8 52.01 8 -8.39 6 -9.13

NARSSARSSUAO ATS-3 ALL OAT& 1968-72 LCCAL TIVE

OIURNAL VARIATION
00-24. 10-14 14#-16 16-22 22-02 02-06 66-10

SI PCT PvT FCT PCT PCI PCT PCT
00-19 8.45 20.66 12.61 5.38 1.14 1.46 13.37
^a -39 11.75 210e6 17.99 9.64 3.66 4.10 16.23
40-59 14.36 16ý.1 17.54 14.86 9.19 9.63 10.31
60-79 16.00 13.47 15.83 18.36 15.912 16.11 15.416
80-69 12.26 9.60 11.26 12.56 14.004 14.406 10.52
90-99 M7.1 15.88 25.21 39.17 55.66 53.41 26.11

DIURNAL VARIATION
60-2% 10-14 141-16 18-22 22-62 62-66 96-14

PCT Os K 0E K OR x Do K C8 X DI K 09 K
*a5 6.56 S 7.398 6.G323 6.358 5.5e23 8 5S63 S 7.2358
.10 7.45 968.11 a 7.66 a 7.33 a 7.41 6 7.47 a 7.67 S
.20 8.13 9 7.4% 7.S2 g.0oes ~ # 9 7ol .9lss9 Te7.9
*S0 7138# 6.15 6.8% 7.46 7.78 7.74 6.09

1.00 6.30 5.35 5.72 6.38 6.92 6.87 5.76
2.00 5.19 4.04 4.64 5.27 5.a1 5.75 4.684
5.00 3.77 2.61 3.20 3.66 4.39 4.33 3.23

10.00 2.55 1.91 2.06 2.65 3.19 3.12 2.68
26.0 1.32 079 1.03 1.43 1.08 1.61 1.63
10.00 .68 .46 .53 .75 1.8 6409 .53
40.000 .20 .16 e22 .32 045 .43 .22
540.0 6.00 6.30 l.06 6.66 6ol0 5.66 s.66
60.00 -.29 -.16 -.22 -.32 -.046 -.064 -.22
76oo -.71 -.41 -.55 -. 79 -1.69 -1.64 -. 55
66.009 -1.4#4 -.34 -1e11 -1.54 -t.9t -1.96 -1.11
90609 -2.67 -1.80 -2.30 -2.99 -3.72 -3.63 -2.32
95.6 -4.56 -2.19 -3.77 -4.71 -5.56 -5.45 -3.01
98.60 -7.10 -5.51 -G.05 -7.25 -1921 -0.16 -6.11
99.66 -s.e5 -6.02 -8.62 -9.20 -10.2? -10.13 -sell
99.569 -11.24 -6.72 -10.01 -11.44 '12.52 -12.39 A -1.161
99.80 -15.15S A -11.61 -13.95 -15.66 -9.51 a -16.62 a -13.29
99.965 4.32 9 -15.12 -12.23 3 6.07 S 45.11 0 39.76 81 -11.42 3
99.95 94.34 S -4.73 S 32.11 8 165.41 3 266.19 9 106.67 S 36.51 5
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THULE .S-3 ALL nATA 1968-70 LCCAL TINE

DIURNAL VARIATION
00-24 10-1. 1t_-18 18-22 22-02 02-06 06-10

4! PCT PCT PCT PCT PCi PCT PCT
00-19 1.26 4.10 1.35 0000 0000 ,17 2.03

20-39 4964 7.55 5.40 2.,42 .08 3.90 8052
.40-59 14061 15099 19.49 11.77 74.' 125.8 10.23

60-79 28.92 25.12 27.59 28.79 2712i 35.17 25.95

80-89 23*4L 19077 23.12 24.84 24.o0 21.95 22.11
90-99 27.10 27c07 23.04f 32.18 36469 23e24 20017

DIURNAL VARIATION
00-24 ib-14 14-18 18-22 22-02 02-06 06-10

PCT G; X Do X 08 X De X Do ; 0D X 09 x

.05 5.388a 5.56 8 5.91 B 6.2'. B S.C2 8 5.728a 6.2690

.10 7.57 B 7.64 6 7.75 8 7.33 8 7#0o 8 7,703 7T85e

020 8.00 9 8.30 7.90 8.12 B 5.00 9 7.90 7.80

.50 7.07 7.314 6.88 7.27 7.42 6.69 6069
1.00 5.97 5.33 5.76 6.21 6*42 5.76 5.58
2.00 4.89 4.85 4.r9 5.12 5.32 4.70 4.5'.

5009 3.56 3.48 3.37 3.77 3.E 3.39 3.23
10.00 2.48 2.40 2.34 2.66 2.04 2.37 2.23
20.00 1.43 1.34 1.35 1.56 1.70 1.39 1027
30.00 ee1 .74 .76 .90 1.00 079 071
46.00 *36 .32 .33 .40 04S .35 .31

50000 .00 0.00 0.00 0.00 0.60 0.00 0.00
60.00 -. 37 -. 33 -.35 -041 -04e -. 37 -032
7?.00 -. 85 -7o? -. 80 -09S -1.05 -. 84 -07S
80000 -1.55 -1.1o -1.46 -1.70 -1.16 -15s0 -1.30

96.00 -2082 -2.71 -2.6S -3.65 -3029 -2.68 -2.52
95.00 -4.30 -402C -4.06 -4.61 -4.92 -4.07 -3.87
98.00 -6.52 -6.43 -6016 -6.93 -7.29 -6.16 -5.89
99.60 -8.39 -8.33 -8001 -8.82 -J.19 -6000 -7.69
99.50 -10634 -10.31 -9091 -10.83 -11.29 -9.90 -9.56
99.80 -13.64 -13.64 -12.63 -16.12 A -15.14 A -12.56 -12o78
99.90 -10.95 9 -10.55 6 -13.82 8 -4.19 9 3.03 8 -*3.76 8 -15.20 8
99.9S 40.00 9 40024 6 21.21 8 69061 S 09.20 8 21.73 B 9.41 9

THULE *TS-3 ALL DATA 1968-76 LOCAL TINE
W • K.d.,9

LZURNAL VAPIATION
00-24 10-14 14-18 18-22 22-02 02-06 06-10

SI PCT PCT PCT PCT PCT PCT PCT
00-19 0.00 (J.30 0.00 000 0.00 0.00 0000
20-39 1.55 2.34 1.33 0.00 0.00 4.62 0.00
40-59 7.43 1o47 9.33 7.59 1249 6.15 4.35
60-79 30.40 26.47 45.33 30.38 32.9ý 23.0s 27.17
80-89 31*61 33.02 22.67 32*91 29.63 38.46 29*35
90099 29.02 35.29 21.33 29.11 25.19 26.92 39.13

CIURNAL VARIATICN
00-24 1o-I4 14-18 18-22 22-02 %2-06 06-10

P DO V : :X:8 08 X 09 X 09 X VS X 09 X

.. 5 4.1.4 a 993 0 .Se a 4.909 5 s.389 S249 5o779
*1@ 7.39 6 7.1.L 7 7709 7.38 8 7,97 8 7.49 8 6.96 9
•20 8.0669 8.20 B 7.86 8.6069 7.97 8.029 8.00 9
.50 7.20 7.46 6.83 7.21 7.s! 7.16 7048

1.og 6.14 6.40 9069 6.1s sets 6.10 6.S1
2.00 5.6S 9.30 4064 9.66 4.87 Se.1 s5l.

S.60 3.73 3.96 3.37 3.7S 3.58 3.71 4004
16.00 2.66 2.59 2.39 2.68 2.'4 2.66 2.92
20.66 IS9 1.72 1.43 1.61 1.52 1.99 1o75
30.00 .93 1.30 .83 .9s .08 *92 1.63
4i,00 942 .Oti .37 ,43 .40 .41 .47
S6.66 0.00 6.30 0.06 0008 6.60 6.6O 6.66

66.60 -o43 -. 46 -o36 -. 44 -. 41 -942 -*48
76*00 -. 96 -1006 -. 87 -1000 -*13 -. 97 -1009
88000 "1074 "1. 5• *1.3 "1077 1065 -1o74, °1.93
90.06 -3.07 -3.32 -2.69 -3.16 -2.90 -3.06 -3.39

95.00. -'.S -4.13 -4.44 -4061 -4.35 -49S9 -S.64

96.00 -6.60 -7.*S -6.04 -6.02 -6*48 -6074 -7.45J
990.0 -6.6S -9.14 -7.8s -8*60 -8.31 -6.S7 -9.36
99.S0 -l0.s7 -11.19 -9.76 -16.99 -10.21 -18.43 -11.S8
99.00 -14.09 -1549 A -12.39 A -14.11 -13.05 -13660 -1S.60
99.90 -G0.0 8 o54 9 -14063 S -8.39 8 -12A5 9 -10.64 8 7.52 I
99.99 48.99 3 66.49 8 14.62 3 40.94 8 30.33 S 37.t6 U 102.M8 0ij


